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Abstract: The fronto-striato-thalamic circuit has been implicated in the pathomechanism of Tourette
Syndrome (TS). To study white and gray matter comprehensively, we used a novel technique called
Tract-Based Spatial Statistics (TBSS) combined with voxel-based analysis (VBA) of diffusion tensor MR
images in children with TS as compared to typically developing controls. These automated and
unbiased methods allow analysis of cerebral white matter and gray matter regions. We compared 15
right-handed children with TS (mean age: 11.6  2.5 years, 12 males) to 14 age-matched right-handed
healthy controls (NC; mean age: 12.29  3.2 years, 6 males). Tic severity and neurobehavioral scores
were correlated with FA and ADC values in regions found abnormal by these methods. For white mat-
ter, TBSS analysis showed regions of increased ADC in the corticostriatal projection pathways includ-
ing left external capsule and left and right subcallosal fasciculus pathway in TS group compared to
NC group. Within the TS group, ADC for the left external capsule was negatively associated with tic
severity (r ¼ 0.586, P ¼ 0.02). For gray matter, VBA revealed increased ADC for bilateral orbitofron-
tal cortex, left putamen, and left insular cortex. ADC for the right and left orbitofrontal cortex was
highly correlated with internalizing problems (r ¼ 0.665; P ¼ 0.009, r ¼ 0.545; P ¼ 0.04, respectively).
Altogether, this analysis revealed focal diffusion abnormalities in the corticostriatal pathway and in
gray matter structures involved in the fronto-striatal circuit in TS. These diffusion abnormalities could
serve as a neuroimaging marker related to tic severity and neurobehavioral abnormalities in TS
subjects. Hum Brain Mapp 31:1665–1674, 2010. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION
Tourette syndrome (TS) is a complex neuropsychiatric
disorder manifested by motor and vocal tics generally first
appearing in childhood [Kramer and Daniels, 2004]. The
tics typically follow a waxing and waning pattern of sever-
ity and usually peak during the early part of the second
decade of life with many subjects showing a marked
reduction of severity by late adolescence. However,
a small proportion of children (20%) continue to persist
with tic symptoms into adulthood. TS is often associated
with other comorbid neuropsychiatric conditions such as
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obsessive compulsive disorder (OCD) and attention deficit
hyperactivity disorder (ADHD) [Como, 2001].
The etiopathogenesis of TS is still unclear, although it
has long been suspected that this is a heritable condition
[Eapen et al., 1993; Pauls, 2003]. However, other mecha-
nisms related to autoimmunity and beta-hemolytic strepto-
coccal infections have also been implicated as a causative
mechanism [Mell et al., 2005; Pauls, 2003; Swedo et al.,
1998]. There is much evidence in the literature to implicate
the involvement of a dysfunctional fronto-striato-thalamic-
cortical (FSTC) circuitry in this tic disorder [Harris and
Singer, 2006]. Several imaging studies have also demon-
strated a pivotal role of this circuitry in TS [Jeffries et al.,
2002; Ludolph et al., 2006; Makki et al., 2008; Peterson
et al., 1998], as well as abnormal volume in component
gray matter regions of the FSTC circuitry [Peterson et al.,
2001, 2003). However, translation of these findings to use-
ful clinical treatment approaches has been slow and hin-
dered by the lack of suitable noninvasive methodologies to
study the disorder. Indeed, conventional clinical magnetic
resonance imaging (MRI) typically are read as normal in
patients with TS [Frey and Albin, 2006].
Using positron emission tomography (PET) of trypto-
phan metabolism, we have reported four patterns of
abnormal tryptophan uptake in frontal cortex, striatum,
and thalamus, indicating abnormal serotonin neurotrans-
mission in the pathophysiology of this disorder [Behen
et al., 2007]. In a subsequent study, using diffusion tensor
MRI (DT-MRI), we showed a significant increase of diffu-
sivity in the bilateral putamen and right thalamus, as well
as a reversed asymmetry of fractional anisotropy (FA) in
the thalamus [Makki et al., 2008]. There was also a signifi-
cant positive correlation between right thalamic diffusivity
and tic severity. These findings support the hypothesis
that microstructural abnormalitis measured by DT-MRI in
component regions of the FSTC circuit might reflect the
underlying pathophysiological process associated with TS.
Recent advances in DT-MRI [Basser et al., 1994] allow
individual tracts to be isolated and their diffusion proper-
ties measured. In the ‘‘deterministic’’ tractography
approach [e.g., FACT; Mori et al., 1999], an initial seed
region selection is used for isolation of a tract. However,
the isolated tract is inhomogeneous in its specificity for a
particular white matter pathway because other pathways
may be included in the tract. A major reason for the lack
of pathway specificity of the tractographic procedure is
that it is mainly based on the primary diffusion direction
of the tensor calculated at the voxel level. Although diffu-
sion measurements in other directions (secondary and ter-
tiary eigenvalues) hold some information about other
crossing pathways, these pieces of information are never
used in conventional tractographic methods [Behrens
et al., 2007; King et al., 2009]. However, these problems do
not play a major role in large pathways such as corpus cal-
losum or corticospinal tracts where axonal crossing is min-
imal, but they are important factors when studying minor
tracts which are present exclusively in small islets of
regions spread along its course. To overcome these prob-
lems and to improve the accuracy of identifying diffusion
abnormalities in minor tracts, a voxel-based method with
high spatial resolution is needed. Unfortunately, voxel-
based techniques that use considerable spatial smoothing,
such as those used by SPM, are not appropriate to the
study of the white matter structures [Smith et al., 2006].
Tract-Based Spatial Statistics (TBSS) is a specialized tech-
nique for the study of cerebral white matter which makes
use of the intrinsic anisotropic property of the white mat-
ter [Smith et al., 2006]. This technique greatly reduces the
total number of voxel comparisons and avoids the spatial
smoothing used in the other voxel-based techniques. In
this study, we used this unbiased TBSS method to identify
diffusion abnormalities in the corticostriatal pathway in
children with TS. In addition, we also used voxel-based
analysis (VBA) to measure the overall diffusion values
(ADC) from cortical and subcortical regions involved in
the fronto-striato-thalmo-cortical circuitry assumed to be
involved in subjects with TS.
METHODS
Fifteen right-handed children (age range: 7.9–17.2 years,
mean age: 11.6  2.5 years, 12 males and 3 girls) diag-
nosed with TS were included in this study (Table I). These
subjects were compared to 14 right-handed age-matched
healthy control children (age range: 7.2–17.5 years, mean
age: 12.3  3.2 years, 6 males and 8 girls). Comparison of
age between these two groups showed no difference (P ¼
0.54). The inclusion criteria for the TS group were current
diagnosis of TS according to the DSM-IV TR criteria, and
with absence of major medical illness. For the controls, the
inclusion criteria included intellectual functioning within
normal limits (FSIQ > 85), and absence of major medical
illness. For all the children with TS, the tic severity during
the 1 week prior to MRI scan was assessed along with
quantification of neurobehavioral problems (hyperactivity,
attention, externalizing, internalizing, and obsessive and
compulsive problems) (Table I). The assessment of tics
involved administration of the Tic Symptom Self-Report
measure to obtain motor and vocal tic scores; subse-
quently, a composite tic severity score was calculated and
used as the index of tic severity [Cohen et al., 1988]. Seven
of the TS subjects were using psychoactive medication
during the MRI scan, three had used psychoactive medica-
tion in the past but not at the time of the scan, and five
subjects had never used any such medications. No seda-
tion was used in any of the subjects during MRI. The
study protocols for both TS and normal control subjects
were approved by the Wayne State University Institutional
Review Board and written informed consent of parents/
guardian as well as assents of children older than 13 years
were obtained. The authors report no conflict of interest.
MRI scans were performed using a GE system with a
3-T magnet. Diffusion tensor images (spin-echo echo-
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planar imaging sequence) were acquired in the axial plane
with diffusion sensitization gradients applied in six non-
collinear directions with b-value of 1,000 s/mm2. The same
imaging parameters were applied to acquire T2 weighted
(b  0 s/mm2) images to use as a reference image for sig-
nal attenuation measurement. All image volumes were
acquired using six repetitions in each of the six optimized
directions to increase the signal-to-noise ratio, to repro-
duce more diffusion directionalities and reduce image arti-
facts. Parallel imaging (ASSET factor of 2) was applied to
reduce image distortion inherent in EPI. The echo time
was 87 ms, and the repetition time was 11 s. A set of mini-
mum 34 axial slices of 3-mm thickness without gap, cover-
ing the whole brain including the cerebellum, was
acquired with matrix size 128  128 and reconstructed in
256  256. The field of view was 240 mm  240 mm, and
the approximate scanning time for the DTI acquisition was
9 min.
Procedure
Tensor calculation and TBSS
The entire image sets were visually inspected and affine
corrected for motion and other imaging artifacts. Images
that could not be corrected were excluded from the study.
The tensor calculation of the DTI images was performed
using DtiStudio software provided by Dr. Susumu Mori at
Johns Hopkins University [Jiang et al., 2006]. The native
T2W images, and the FA and ADC images derived from
the tensor calculation were saved and transferred to a
Linux-based workstation for further processing. The next
step involved extraction of the brain matter on the T2W
images, using the Brain Extraction Tool (BET) available
with the FSL software; a fractional intensity threshold of
0.35 was used for this step. These extracted T2W images
were applied as a mask to both the FA and ADC images
of all the participants and used as the input images for
TBSS processing [Smith et al., 2006].
The initial step of TBSS analysis consisted of voxel-wise
nonlinear registration of all participants to a target MR
image provided by the FSL software. The transformed FA
images of all participants were combined to create a group
specific mean FA image. This group specific mean FA
image was then used to create a skeleton image of the
white matter tracts using a protocol which searches and
labels the skeleton voxels with maximum FA intensity
along the perpendicular direction (breath) of a white mat-
ter tract. An FA threshold of 0.2 was used to segment gray
and white matter. The mean skeleton, derived from the
mean FA image, was identified at the exact median of the
white matter tract. This mean skeleton was later applied to
the registered FA image of individual participants. Follow-
ing the search for the maximum FA value along the width
of the white matter tract, perpendicular to the skeleton
voxel, the maximum FA values were then projected on to
the skeleton voxel for further statistical analysis. In a sepa-
rate process using the FA image derived skeleton, the
maximum values along the direction perpendicular to the
tract of the ADC image were also projected to a separate
skeleton image.
TABLE I. Demographic and neurobehavioral profile
TS Controls
Number of subjects 15 14
Age (mean  SD, years) 11.6  2.5 12.3  3.2
Age range (years) 7.9–17.2 7.2–17.5
Gender (boys:girls) 12:3 6:8
Neurobehavioral scores Mean SD Mean SD
Verbal comprehension index 107.8 14.7 110 12.5
Percept organization index 103.3 11.8 107 15.5
Freedom from distractibility index 103.6 18.9 106 13.4
Processing speed index 108.3 20.0 106 18.6
Hyperactivity problems 59.7 16.8
Attention problems 56.3 16.3
Externalizing behavioral problems 57.8 19.2
Internalizing behavioral problems 58.8 11.7
Obsessive behavioral problems 10.3 4.8
Compulsive behavioral problems 11.4 4.9
Tic severity (motor þ vocal)a 13.7 11.2
Medication
Current use (case 2, 3, 6, 8, 9, 12, and 15) Methylphenidate, risperidone, guanfacine,
risperidone, aripiprazole, risperidone
and levetiracetam, respectively
Use in the past (case 5, 11, and 14) Amphetamine and dextroamphetamine,
risperidone and methylphenidate, respectively
aComposite tic severity score of motor and vocal tics.
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TBSS statistical analysis
Voxel-wise statistical analysis of individual skeleton
images of both controls and TS children for both contrasts
(controls > TS) and (controls < TS) was performed using
nonparametric permutation test. Since studies have shown
age and gender related diffusion changes [Hsu et al., 2008;
Qiu et al., in press] and since the gender ratio differed
between the TS and control groups, age and gender were
included as covariates for the TBSS analyses. The thresh-
old for cluster size threshold was >3, and p-value was
<0.05 for significance, after correcting for multiple com-
parisons. Skeletal voxels that were significantly different
between the groups were isolated and labeled; these vox-
els were then expanded to include the full width of the
white matter tract which was then used as a mask permit-
ting calculation of the mean FA and ADC values for the
width of the tract for individual participants. The mean
values from these tracts were correlated with tic severity
and neurobehavioral scores. Correlation analysis was per-
formed using SPSS version 15.
Voxel based analysis
VBA is a fully automated, unbiased technique in which
MRIs are processed and analyzed to test for regional struc-
tural differences between groups of subjects [Ashburner
and Friston, 2000]. The first step in this procedure requires
correction of residual eddy-current and field inhomogene-
ity distortions. Nondiffusion images (T2W) were warped
to EPI using an algorithm based on Markov random fields.
ADC map was warped to the resulting nondiffusion set,
and a template was created from the 29 subjects [Good
et al., 2001]. Each image was spatially normalized to the
EPI template, then averaged and the resulting image was
smoothed with an 8-mm Gaussian kernel to create a tem-
plate. To correct for global shape difference, spatial nor-
malization was performed [Ashburner et al., 1999]. It
includes affine transformation and linear combination of
smooth basis functions that model non linear differences
in shape. The normalized, and unmodulated images were
smoothed using a 12-mm FWHM isotropic Gaussian ker-
nel. Standard predefined regions for various cortical
Figure 1.
The abnormal corticostriatal projection tracts (red-yellow, L-SC: left subcallosal fasciculus, R-SC:
right subcallosal fasciculus, and EC: left external capsule) of the TS subjects with increased ADC
values compared to the controls. Green: skeleton voxels. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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(orbitofrontal (ORB_FRN), dorsofrontal (DOR_FRN), sen-
sory motor, insular, and anterior cingulate), and subcorti-
cal (caudate, pallidum, putamen, and thalamus) structures
were later applied on to the transformed ADC images to
extract the ADC values.
VBA statistical analysis
In addition the ADC values from the gray matter, corti-
cal and subcortical structures were analyzed using
repeated measure with side (right and left), group (TS and
control) and regions (DOR_FRN, ORB_FRN, sensor_motor,
insular, anterior_cingulate, caudate, putamen, pallidum,
and thalamus), and age and gender as a covariate. The
mean ADC values from the regions significantly differed
between the TS and control groups were correlated with
tic severity and neurobehavioral scores. Statistical analysis
was performed using SPSS version 15.
RESULTS
TBSS Analysis
The results from the TBSS analysis of DTI images from
the 15 TS subjects showed regions with significant (p-value
of <0.05 for significance, after correcting for multiple com-
parisons) increase in water diffusivity (ADC) in parts of
the left external capsule (EC) and left and right subcallosal
fasciculus (SC) (Figs. 1 and 2) compared to the typically
developing control subjects. No other region showed
decreased or increased FA or ADC values.
Figure 2.
Box plot (A) shows the differences in the ADC values for the three regions (L-SC: left subcal-
losal fasciculus, R-SC: right subcallosal fasciculus, and L-EC: left external capsule) between the
two groups (TS and controls). Scatter plot (B–D) shows the distribution of ADC values with age
in all the three regions (L-SC, L-EC, and R-SC, respectively) for both the groups.
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Correlation with tic severity scores
The mean ADC values measured from EC of the TS
group showed a negative partial correlation with the tic
severity score (r ¼ 0.586, p ¼ 0.028, with age as covari-
ate) measured for the week prior to the MRI scan (Fig. 3).
TBSS analysis with medication
Seven TS subjects were taking medication (Table I);
therefore, to rule out the effect of medication on the meas-
ured diffusion values, we compared the ADC values
between TS subjects on medication and those without
medication. Our results showed no significant difference
between these two groups (left SC: p ¼ 0.69, right SC: p ¼
0.79, and left EC: p ¼ 0.238).
VBA
Using VBA, diffusion values measured from the gray
matter regions showed a significant three-way interaction
between regions  side  group (F ¼ 2.4, and p ¼ 0.05).
Following this, the follow-up test for individual regions
showed increased diffusivity in left and right orbitofrontal
cortex (p ¼ 0.035, p ¼ 0.025), left insular cortex (p ¼ 0.023),
and left putamen (p ¼ 0.014) (Fig. 4). Left pallidum (p ¼
0.052), and right insular cortex (p ¼ 0.052) showed a trend
towards increased diffusivity compared to controls. The
overall group difference (between TS and controls) for all
the regions of both the sides combined together showed a
trend toward significance (p ¼ 0.077) with increased ADC
value in the TS group compared to controls. In addition,
the ADC measurements from right and left orbitofrontal
cortices showed significant positive partial correlation with
internalizing problem scores (r ¼ 0.665; p ¼ 0.009, r ¼
0.545; p ¼ 0.044, respectively (Fig. 5).
DISCUSSION
The major findings in the present study were increased
ADC values in the corticostriatal projection pathways,
including both the medial right and left SC, and the lateral
EC pathways in children with TS versus typically develop-
ing children. ADC values derived from the left EC path-
way also showed a significant negative correlation with
the tic severity scores. In addition, the ADC values
obtained from gray matter structures also showed overall
increased ADC values with significant differences in the
bilateral orbitofrontal, right insular cortex, and left puta-
men, in children with TS as compared to controls. Finally,
the ADC values from right and left orbitofrontal cortex
showed a significant positive correlation with internalizing
behavioral problems.
Methodological Issues
Although our methodology of image analysis was auto-
mated and unbiased, still this method is relatively new
and more validation is needed. The skeletonization proce-
dure appears conceptually simple and straightforward but,
in practice, there are a number of issues that complicate
the process. For example, this process applies the concept
of gradient anisotropy from the center to the periphery of
the white matter tract. In a given white matter tract the
anisotropic value is at the maximum at its center and
gradually decreases with distance away from the center.
However, this assumption is not always true and is com-
plicated by the fact that in several regions of white matter
tract junction two or more crossing fiber tracts may con-
verge or diverge. Under these circumstances, a more so-
phisticated FA projection technique is required [Smith
et al., 2006]. This is particularly true in a small fiber bun-
dle such as the SC due to its close proximity to the genu
of the corpus callosum, at the posterior superior part of
SC where the skeletonization protocol might have inter-
mixed fibers from both these tracts. In addition, the mor-
phology of the derived skeleton might also be altered in
tracts which are close to the ventricle (e.g., fornix or poste-
rior aspect of cingulum) because of the partial volume
effect of cerebrospinal fluid. Thus, in this study, although
we report small regions of ADC abnormality, there may
be relatively large abnormal regions not identified by this
method.
In this study, no sedation was used during the scanning
procedure of both the TS and control subjects. Although
rigorous quality control was used for motion correction
and other imaging artifacts, it is still possible that some
imaging artifacts might have confounded our results. In
Figure 3.
Partial correlation plot of the ADC values form the left External
Capsule (L-EC) and Tic severity scores (r ¼ 0.586, p ¼ 0.028).
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addition, although some TS subjects were taking medica-
tion, the ADC values between TS subjects on medication
and those without medication showed no significant dif-
ference; however, a larger study controlling for specific
medications would address potential effects of medications
on DTI measurements.
Corticostriatal Pathway
Fibers from the various cortical regions project in a to-
pographical manner to the corresponding mosaic surface
of the striatum. In the cerebral white matter, these projec-
ting axons form the various cortical regions converge into
two separate pathways, the medial SC (Muratoff bundle),
and the lateral EC and these pathways are separated by
the anterior limb of internal capsule [Schmahmann and
Pandya, 2006]. The SC consists of fibers that arise from
mostly the dorsal and medial cortical areas (dorso-lateral
and dorso-medial prefrontal area, supplementary motor
area, cingulate gyrus, and dorsal and medial parietal lobe)
and run parallel with the fronto-occipital fibers, rostral to
the genu of corpus callosum. After aggregating as the SC,
it terminates in the head and body of the caudate nucleus.
The EC appears to be strictly a corticostriatal fiber system
and carries projections from the ventral and medial
prefrontal cortex, ventral premotor cortex, precentral
gyrus, the rostral superior temporal region, and the infero-
temporal and preoccipital regions to terminate in a topo-
graphic manner mainly in the putamen but also in the
head, genu, and tail of the caudate nucleus. Projections
conveyed by the EC from the primary motor cortex are
directed exclusively to the putamen.
Neuroimaging Findings
Many studies using various types of imaging have dem-
onstrated a pivotal role of the basal ganglia in the
Figure 4.
Shows the (estimated marginal mean) ADC value of cortical and
subcortical gray matter structures with significant three-way
interaction between regions  side  group (F ¼ 2.4 and p ¼
0.05). The follow-up test for individual regions showed increased
diffusivity in left and right orbitofrontal (p ¼ 0.035, p ¼ 0.025),
left putamen (p ¼ 0.014), and left insular cortex (p ¼ 0.023)
compared to the controls. ORB_FRN: orbitofrontal cortex,
DOR_FRN: dorsal frontal cortex, Cingulum: anterior cingulate
cortex. The error bars denote the standard error of the esti-
mated marginal mean values.
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pathophysiology of tics. For example, functional MRI stud-
ies have shown that during active tic suppression, the
putamen, globus pallidus, and bilateral thalamus were
activated [Peterson et al., 1998]. Several other neuroimag-
ing studies have also shown involvement of both caudate
and lentiform nuclei (striatum) in TS [Jeffries et al., 2002;
Ludolph et al., 2006; Peterson et al., 2001, 2003]. However,
no study has convincingly demonstrated direct involve-
ment of white matter pathways linking the striatum with
cortical regions in this disorder. This study, which used a
noninvasive and unbiased method, has shown direct
involvement of the corticostriatal projection tracts (SC and
EC) along with the associated cortical regions in TS.
In this study, although both pathways (SC and EC)
showed significant differences in the ADC values across
groups, only ADC values from the left EC showed a sig-
nificant correlation with tic severity scores. Lack of correla-
tion between tic severity and ADC values of SC could be
related to significant interference of this tract with the ad-
jacent fronto-occipital tract and the large corpus callosal
fiber tracts. Similarly, the EC lies in close proximity to the
extreme capsule and the projected skeleton values might
have been significantly affected by it. This could account
for our finding that only the anterior component of EC
was identified as abnormal, and the posterior EC might
have lost its exclusivity of containing only the cortostriatal
projection fibers due to interference with the extreme cap-
sule. On the other hand, the anterior component of the EC
contains more corticostriatal projection fibers from the lim-
bic cortex (ventro-cortical surface) than the posterior EC
component, which receives most of its projections from the
superior-temporal and other posterior cortical regions.
Similarly, SC also contains mostly projection fibers form
the dorsal cortical regions. In this study, ADC values
measured from bilateral ventral frontal cortex, (orbit-fron-
tal cortex) and the left putamen of the TS subjects showed
the most significant and extensive abnormal ADC values.
Therefore, we suggest that the ventral frontal cortex, the
putamen and the white matter pathway connecting these
two gray matter regions, and the anterior EC are the most
affected regions in TS subjects.
However, several studies have more specifically sug-
gested involvement of dorsal cortical regions, and the cau-
date [Bohlhalter et al., 2006; Fahim et al., in press] while
other studies have suggested involvement of ventral corti-
cal surfaces and the putamen [Jeffries et al., 2002; Ludolph
et al., 2006; Makki et al., 2008] or both [Peterson et al.,
1998]. The corticostriatal projection fibers from dorsal cort-
ical surfaces travel mostly through the medial SC white
matter pathway. Although, in this study, the ADC values
derived from dorsal cortical, caudate, and SC regions were
not significantly correlated with tic symptoms like the ven-
tral cortical regions and EC, we cannot totally exclude the
possibility of involvement of SC and the associated dorsal
cortical and caudate regions in the involvement of tic pa-
thology—the lack of findings here may be related to meth-
odological considerations. Indeed, axons from SC and EC
pathways significantly cross over through the anterior
Figure 5.
The partial correlation plot between the ADC values of the left (A) (r ¼ 0.545; p ¼ 0.044) and
right (B) (r ¼ 0.665; p ¼ 0.009) orbitofrontal cortex with the Internalizing problem scores with
controlling for age.
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limb of the internal capsule to end in caudate and puta-
men making it difficult to study it apart from EC. Further-
more, from Figure 4, it can be seen that the ADC values of
caudate, dorso-frontal, and cingulate gray matter regions
were increased compared to the controls, albeit the differ-
ence did not reach significance. The most likely reason for
the lack of between group differences in these gray matter
regions is that the image co-registration procedure in the
VBA analysis may be suboptimal, and for regions espe-
cially such as caudate, the close proximity of the ventricles
could severely affect the measured ADC values.
One of the possible mechanisms postulated in tic gener-
ation is dysfunction of the cortico-striato-thalamo-cortical
pathway. In the normal state, the frontal cortex exhibits
tonic action on the striatum through the corticostriatal pro-
jections that serve to control striatal activity [Singer and
Minzer, 2003]. In subjects with TS, the tonic action from
the frontal lobe may be disturbed, leading to abnormal ac-
tivity in the striatum resulting in pathological activation of
the striato-thalamo-cortical pathway manifesting as tic
symptoms. This notion is supported by findings of this
study which show that diffusion abnormality in the corti-
costriatal projection from the frontal cortex was directly
affected and correlated with tic symptoms. These abnor-
malities may be related to some specific neuronal injury in
the frontal cortex affecting the axons from these neurons.
These affected axons could undergo distal changes which
we have measured as diffusion abnormalities in the white
matter pathways. On the other hand, diffusion abnormal-
ities were also seen in striatum mainly involving putamen
(and possibly in caudate) suggesting that the changes in
the distal axons were not only related to the frontal cortex,
but also to the target striatum.
ADC Changes With Tic Severity
In our findings, the ADC values were abnormally
increased in the distal part of the corticostriatal projection
pathway compared to the controls. However, the correla-
tion of the ADC values with the tic symptom in the TS
subjects is negative, meaning the higher the ADC the less
severe the symptom, and the lower the ADC the more severe
the symptom. This apparently contradictory observation
may be related to acute inflammation during a period of
exacerbation of tic symptoms. As is well documented
[Singer and Minzer, 2003; Swain et al., 2007], the tic symp-
toms have a chronic history and have a waxing and wan-
ing pattern. These repeated events over time could
potentially cause a change in white matter tissue, causing
the increased ADC findings in the TS subjects compared
to the controls [Gass et al., 2001; Sener, 2000; Tievsky
et al., 1999]. However, during a period of waxing, rela-
tively lower ADC might result [Szabo et al., 2005; Yu and
Tan, 2008]. It is also well known that patients with TS can
voluntarily suppress their tics for brief periods. Therefore,
in cases with severe tics, increased electrical activity and
increased action of glutamate in the terminals of the corti-
costriatal projection could conceivably cause such
decreases in ADC due to cellular swelling, as has been
previously demonstrated [Sotak, 2004; Vargova et al.,
2001]. Future studies are needed to determine whether the
lower ADC is related to exacerbation of symptoms.
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